Demand for electricity in China is concentrated to a significant extent in its coastal provinces. Opportunities for production of electricity by on-shore wind facilities are greatest however in the north and west of the country. Using high resolution wind data derived from the GEOS-5 assimilation, this study shows that investments in offshore wind facilities in these spatially separated regions (Bohai-Bay or BHB, YangtzeRiver Delta or YRD, Pearl-River Delta or PRD) could make an important contribution to overall regional demand for electricity in coastal China. An optimization analysis indicates that hour-to-hour variability of outputs from a combined system can be minimized by investing 24% of the power capacity in BHB, 30% in YRD and 47% in PRD. The analysis suggests that about 28% of the overall off-shore wind potential could be deployed as base load power replacing coal-fired system with benefits not only in terms of reductions in CO 2 emissions but also in terms of improvements in regional air quality. The interconnection of off-shore wind resources contemplated here could be facilitated by China's 12 th -five-year plan to strengthen inter-connections between regional electric-power grids.
Introduction
bidding process for offshore demonstration projects . The successful bidding prices for these projects ranged from 0.62 RMB/kWh to 0.74 RMB/kWh, about 9.1 cents/kWh to 10.9 cents/kWh in 2010 US dollars. To ensure profitability, these projects benefit from a favorable concession policy, which guarantees higher bus-bar prices for electricity produced from offshore wind farms as compared with production from either onshore facilities or from conventional coal-fired power plants. China's coal reserves and production are concentrated to the North and West of the country (particularly in Shanxi, Shaanxi and Inner Mongolia). To meet the increasing demand for energy in southeastern coastal provinces, where over 40% of the population is located (NBS, 2012), coal is first transported by rail east to the coast and shipped subsequently to the high demand centers in southeast. In 2010, 92% of coal consumed in Jiangsu province (responsible for the second highest GDP of all provinces in China) was imported from inland provinces. Rich onshore wind power resources tend also to be located to the North and West of China. To harvest this renewable source requires significant expansion of existing transmission grid system on a national scale. We shall argue here that investment in offshore wind resources would significantly reduce the demand for coal supply for the south, while providing at the same time a valuable lowcarbon source of electric power. average wind speeds at 80 m above ground exceeded 6.9 m/s. They found that an average of 33%, and a maximum of 47%, of yearly average wind power from interconnected farms could provide reliable, base-load electric power. Huang et al. (2013) , using five years of hourly assimilated wind data, showed that the high-frequency variability of wind-generated power could be significantly reduced by coupling outputs from five to ten wind farms dispersed uniformly over ten states in the middle of the U.S. Their analysis suggests that more than 95% of the variability of the coupled system from this region was concentrated at time scales longer than a day, allowing operators of the overall system to take advantage of multiple-day weather forecasts in scheduling projected future contributions from wind.
Building on the earlier studies, the present analysis will focus on variations of hourly wind power from 12 offshore sites distributed along the Chinese coastline (see Figure 2) , with a particular focus on the advantages that could be realized by coupling facilities distributed over three coastal economic zones (Bohai Bay, the Yangtze River Delta, and the Pearl River Delta). The total installed capacity for offshore wind power in China is projected to reach 30 GW in 2020 and 60 GW in 2030 (Wang et al., 2011) . Most of the development plans for offshore wind power by the provincial governments are based primarily on considerations of the availability of local wind resources, with minimal attention to the challenges that would be associated with integration of this source into the existing power system. As will be shown here, these difficulties can be significantly mediated by adopting a more coordinated regional approach involving an integration of wind resources for spatially separated coastal regions subject to important differences in prevailing meteorological conditions. Section 2 summarizes the data and methods adopted for the present analysis. The variation of China's offshore wind resources, results of the optimization analysis, and related implications for the electric power systems of coastal regions in China are discussed in Section 3. Concluding remarks are presented in Section 4.
Data and Methods
Wind fields adopted for this analysis were derived for 2009 from the Goddard Earth Observing System Data Assimilation System (GEOS-5 DAS) by the U.S. National 
where V is the wind speed, z is the measurement height, and This capacity was allowed to vary, depending on the total capacity evaluated for the combined system. 
Optimization Analysis
The results in Figures 4a-4d suggest that advantages could be realized by linking these regions. For any given hour, a low contribution of wind-generated power from sites in one coastal zone will be compensated often by a higher output from sites in another zone. If the 12 offshore sites in the three economic zones were all interconnected, the overall power output would be much less variable than the output from any individual site, and less variable than that for any individual zone. This raises the question as to how these zones could be optimally combined to reduce the overall variation of power output.
An optimization model was applied to determine the relative contributions of wind power from the BHB, YRD and PRD zones that would result in the lowest possible standard deviation of the hour-to-hour variation of power output from the combined system. The following objective function is designed to minimize the hour-to-hour variation of electricity produced by the interconnected sites, thus to ease the integration of wind power into the relatively inflexible, coal-dominated, existing electric power system: 
Implications to the Electric Power System
The histograms in What this means is that the need for quick-ramping capacity to compensate for variability in the supply from offshore wind resources would be significantly reduced with the combined system as compared to the situation that would apply in the absence of interconnection. Another way to quantify the benefit of the combined system is to focus on the increase in the firm capacity of wind power, defined as the fraction of installed capacity that remains online with the same probability as that for a coal-fired power plant . Coal-fired plants in China are offline from 5.6% to 14.7% of the time, for an average of 7.6%, in order to allow for both scheduled and unscheduled maintenance, and forced outage (EPRMC, 2010 (EPRMC, -2012 . To accommodate an equivalent available factor (EAF) for wind compared to coal-fired plants (92.4%), wind systems should be operational for at least 8094 hours of the year. The limiting CF value corresponding to this condition is equal to 0.092 as indicated in Figure 8 . The firm capacity of the optimally combined system corresponds therefore to about 9.2% of the total installed capacity. The power output consistent with this firm capacity requirement accounts thus for 27.9% of the total power generated from the combined system over the entire year, implying that power of this magnitude from the combined system could serve as base load reducing accordingly the demand for power from coal-fired plants. 
Concluding Remarks
An optimization model was adopted to explore the complimentary qualities of wind power from 12 offshore sites distributed over three coastal economic zones (BHB, case. The optimally combined system can supply 9.2% of its total capacity as firm capacity, which guarantees reliable power output with an offline record of no more than 7.6%, equivalent to the conditions realized by existing for coal-fired power plants in
China. Over the course of a year, about 27.9% of the power generated from the optimally combined system could be deployed as base load, replacing potentially in this case the demand for power production by coal-fired systems.
To realize the advantage of the steadier electricity supply from offshore wind identified in this study, it will be necessary to invest in a significant expansion of the existing transmission grid system, to interconnect the wind facilities contemplated for the three regions identified here. Kempton et al., (2010) proposed an offshore transmission cable to link potential wind farms along the U.S. eastern coast in order to mitigate the variations of overall anticipated power output. An "Atlantic Independent System
Operator" was specifically suggested by Kempton et al., (2010) to manage and regulate the market for offshore wind power off the east coast of the US. China, however, may be expected to follow a different path in developing its off-shore resources. The likely strategy in this case may be expected to involve enhancing interconnectivity of the land- 
